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Abstract: 2,6-Dimethoxyphenylboronic acid was used as a model substance to investigate the additive
crystallization approach for polymorph control in phenylboronic acids. It was crystallized under
different conditions by performing evaporation and cooling crystallization from different solvents.
Most of the crystallizations from pure solvents produced the thermodynamically stable Form I, but
in evaporation crystallization from alcohols, Form II or even a new polymorph, Form III, could be
obtained. Structurally related substances, polymers, and surfactants with diverse intermolecular
interaction possibilities were tested as additives. Surfactants were found to facilitate the crystallization
of the metastable forms and therefore were investigated more extensively. The surfactants Span 20
and n–octyl-β-D-glucopyranoside provided crystallization of the metastable forms in the evaporation
crystallization and notably stabilized Form II. The lattice energy, energy frameworks, Hirshfeld
surface analysis, full interaction maps, and morphology prediction were used to identify the structural
differences between Forms I and II and rationalize the ability of the additives to provide formation of
Form II in the crystallization and to stabilize it.

Keywords: 2,6-Dimethoxyphenylboronic acid; polymorphism; crystallization; crystallization
additives; crystal structure analysis

1. Introduction

Most of the drug dosage forms of active pharmaceutical ingredients (APIs) are in solid
form. These drug dosage forms include not only tablets and capsules, but also powders
for parenteral applications and powder inhalers [1]. Approximately half of APIs show the
ability to crystallize in different polymorphs [1,2]. Polymorphs have the same chemical
composition but different molecule packing and/or conformation in the crystal lattice [3,4].
They have different physical properties—for example, solubility [5,6], bioavailability [7]
or sometimes colour [8]. It is important to perform polymorph screening and identify the
stable polymorph before drug manufacturing [1,4]. In addition, it is required to check the
stability of the selected polymorph in long-term storage. There have been several cases [9]
where a new and more stable polymorph appeared many years after drug development.
Such late appearance of a more stable polymorph can cause problems for patients, from low
drug efficacy to eventually disrupting the supply of medicines [10]. Metastable polymorphs,
although having better solubility and dissolution rates [4], can transform to the stable
form [6]. Therefore, there is a need to improve the stability of metastable forms. One way
to achieve this is to inhibit the transformation rate by using additives in the crystallization
process or in the drug dosage form. Additives usually improve the kinetic stability of
the metastable form [11] but can also change the relative stability of polymorphs [12,13].
The effect of additives on nucleation has been extensively studied [14], but there is still
too little evidence for understanding the mechanism of additive provided crystallization
polymorphic outcome control. Additives can affect the kinetics of nucleation and related
parameters [14–18], the thermodynamic aspects of crystallization, or both of these aspects
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simultaneously [11]. Additive crystallization is widely used in natural and industrial
processes, from biomineralization to material synthesis [19].

It is known that crystals containing similar hydrogen bond synthons can epitaxially
grow on structurally related additives [20]. Structurally similar additives can inhibit [21]
or promote [15,22–25] nucleation of a specific polymorph. Nucleation inhibition can occur
by blocking the movement of surface steps, kinks, or terraces, therefore inhibiting crystal
growth [18]. On the contrary, small, structurally similar molecular compounds can also be
integrated into the lattice and operate as a pre-nucleation precursor [11,18] but will lead
to this additive being an impurity of the obtained crystals. According to the European
Pharmacopoeia, it is important to identify impurities to ensure the safety of pharmaceutical
products [26], and structurally related additives can have a pharmacological or toxic
effect [27–30]. Therefore, not all structurally related additives can be used to stabilize the
polymorphic form in pharmaceutical formulations.

In contrast, many surfactants and polymers can be used in drug dosage forms [31,32].
Polymers are often used as tablet binders, for film formation, as taste-maskers, drug-release
controllers, thickeners, etc. [31], but surfactants can be used in suspensions, emulsions,
gels, or drug delivery systems as drug protectors (e.g., nanoparticles or liposomes in drug
dosage forms) [32]. This is an advantage of these additives compared to the structurally
related additives. Some polymers, such as polyethylene glycol, polystyrene, and poly-
methylmethacrylate, can decrease surface tension and act as a surfactant [33]. As surface
tension and nucleation rates are inversely related, surfactants decrease surface tension
and can promote nucleation of the metastable form [11]. Surfactants can decelerate phase
transitions [19,34] by increasing the activation barrier for nucleation of the stable form [19].
Surfactants can also increase the solubility and dissolution rate of API by incorporating
it into their micelles or hemispheres [11,35]. The hydrophilic part of the surfactant can be
strongly attached to the crystal surface, but the hydrophobic chain can cover the crystal
surface and prevent other interactions [17]. Larger additives can adsorb on a non-specific
crystal surface and therefore inhibit crystal growth by hindering the deposition of growth
units [34]. Polymer additives can act as nucleation sites by absorbing into pre-nucleated
clusters and therefore reducing interfacial free energy and changing the interactions be-
tween the solute molecules [11].

In this study we investigated additive assisted crystallization by focusing on the
preparation of a metastable polymorph to obtain a better understanding of the mechanism
of additive provided polymorphic outcome control. 2,6-Dimethoxyphenylboronic acid
(MPBA), existing as two polymorphs [36], was used as a model compound. Overall, some
arylboronic acids are important in the pharmaceutical industry due to their biological
activity and the possibility of pharmacological effects [37–42]. MPBA was selected due
to the different hydrogen bonding motifs present in both of its polymorphs, including a
trimeric motif uncharacteristic of phenylboronic acids. We explored structurally related
molecules, polymers, and surfactants with diverse possibilities for intermolecular inter-
action as additives. To explore additive assisted crystallization of MPBA, we performed
polymorph screening, tested which additives allow crystallization of the metastable form,
and explored the most promising additives for crystallization of the metastable polymorph
by varying the crystallization conditions. To access the mechanism of additive provided
crystallization and stabilization of the metastable form, we used crystallographic analysis
and theoretical calculations.

2. Materials and Methods

2,6-Dimethoxyphenylboronic acid (MPBA, purity 97%, polymorph I) and n-octyl-β-D-
glucopyranoside (OGP, purity > 99 %) was purchased from Fluorochem. Span 20 (sorbitan
monolaurate) with ≤1.0 % water was purchased from Merck. Molecular structures of
MPBA and the most extensively studied additives are shown in Figure 1. The water was
deionized in the laboratory. Other additives (see Supplementary Materials, Table S1) and
organic solvents of analytical grade were purchased from different commercial sources.
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Figure 1. Molecular structure of MPBA, Span 20, and OGP.

2.1. Solubility Measurements

The approximate solubility of MPBA in selected solvents was determined gravimet-
rically. Saturated solutions of MPBA in water, acetonitrile, toluene, tetrahydrofuran, ni-
tromethane, and isopropanol were prepared at ambient temperature. Solutions (1 or 5 mL)
were evaporated at 80 ◦C, and the mass of residual solid was used for calculation of the
solubility. Approximate solubilities of MPBA Form I are listed in Table S2.

2.2. Crystallization Experiments

Commonly used solvents from different solvent classes were selected for the crystal-
lization of MPBA. For evaporation crystallization, 30 to 50 mg of MPBA were dissolved
in 2 to 3 mL of solvent and evaporated at 25 or 50 ◦C. For cooling crystallization, MPBA
was dissolved at 40 to 80 ◦C, depending on the boiling points of the solvent. The obtained
solutions were filtered and cooled to 5 ◦C. The obtained solid products were collected by
filtration, air dried, and characterized with powder X-ray diffraction (PXRD).

Cooling crystallizations were also performed using Crystal16 (Technobis Crystalliza-
tion Systems, Alkmaar, Netherlands). Solutions of different supersaturation (S = c/c*,
where c is the initial concentration and c* is the solubility at 25 ◦C, for toluene c/c* = 2–11;
for water c/c* = 5–10) were prepared in situ (the required mass of MPBA and 1.00 mL of
solvent were transferred into the HPLC vial, and dissolution was achieved by heating in
Crystal16) and cooled with a cooling rate of 10 ◦C·min−1 by stirring at a rate of 900 rpm.
Toluene solutions with c/c* = 10 were cooled with different cooling rates—20, 10, 1, and
0.1 ◦C·min−1—to determine the effect of the cooling rate on the polymorphic outcome.
Water solutions with high supersaturation, obtained using higher temperatures for dissolu-
tion or a long cooling time, oiled out and were not used for phase analysis. Four parallel
crystallization experiments were performed in all cases. The obtained solid products were
collected by filtration, air-dried, and characterized with PXRD.

Crystallization from toluene and water in the presence of additives was performed
using cooling. Soluble additives were selected for the crystallization. In 2 mL of water
at 70 ◦C, 20–25 mg of additive and 40–45 mg of MPBA were dissolved, and the solution
was filtered and cooled to 5 ◦C. In 2 mL of toluene at 90 ◦C, 20–25 mg of additive and
100–110 mg of MPBA were dissolved, then the solution was filtered and cooled to 5 ◦C.
Crystallization from toluene in the presence of surfactants was carried out also using
different crystallization methods: complete solvent evaporation at 5, 25, and 50 ◦C and
evaporation crystallization with stirring at 25 ◦C. For evaporation at 5 and 25 ◦C, solutions
were prepared by dissolving 40–50 mg of MPBA and 100–110 mg of a liquid surfactant or
20–25 mg of a solid surfactant in 3 mL of toluene at 70 ◦C. The solutions were filtered and
kept at the specified temperature for evaporation (no crystal nuclei formed at cooling). For
evaporation crystallization at 50 ◦C solutions were prepared by dissolving 100–110 mg of
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MPBA and 230–250 mg of a liquid surfactant or 100–110 mg of a solid surfactant in 2 mL of
toluene at 70 ◦C. The solutions were filtered and kept at 50 ◦C for evaporation. For cooling
crystallization with stirring at 25 ◦C, solutions were prepared by dissolving 140–150 mg of
MPBA and 100–110 mg of a liquid surfactant or 40–50 mg of a solid surfactant in 2 mL of
toluene at 70 ◦C; the solution was then filtered and cooled to 25 ◦C by stirring the solution
at 700 rpm.

Crystallization in the presence of other viscous additives was performed using sev-
eral crystallization methods—complete solvent evaporation at 25 and 50 ◦C and cooling
crystallization at 5 ◦C. 100–110 mg of additive and 100–110 mg of MPBA were dissolved
in 2 mL of toluene at 90 ◦C, and the solution was filtered and kept under the specified
conditions for crystallization. Crystallization from other solvents in the presence of Span
20 was performed by evaporation crystallization. 100–110 mg of Span 20 and 100–110 mg
of MPBA were dissolved in 2 mL of solvent at 40 to 90 ◦C depending on the boiling point
of the solvent. The solution was filtered and placed at 50 ◦C for evaporation. For each
additive, three parallel crystallization experiments were performed. The obtained products
were collected by filtration or by scraping from the crystallization container, air-dried, and
characterized with PXRD.

2.3. Solid Phase Characterization

The PXRD patterns were measured at ambient temperature on a Bruker D8 Advance
(Bruker AXS, Karlsruhe, Germany) diffractometer equipped with a LynxEye position
sensitive detector using copper radiation (Cu Kα; λ = 1.54180 Å). Tube voltage and current
were set to 40 kV and 40 mA, respectively. The divergence slit was set at 0.6 mm. The
anti-scatter slit was set at 8.0 mm. The PXRD patterns were recorded from 3◦ to 35◦ on the
2 θ scale. The scan speed of 0.2 s/0.02◦ was used.

DSC analysis of MPBA polymorphs was performed using a TA DSC 25 (TA Instru-
ments, New Castle, DE, USA) calorimeter. Closed aluminium pans were used. The heating
of the samples from 25 to 200 ◦C was carried out at a heating rate of 10 ◦C·min−1 or
2 ◦C·min−1 for Form II. Samples of 1 mg mass were used. The nitrogen flow rate was
50 mL·min−1. TG analysis was performed using the Mettler Toledo TGA/DSC 2 (Mettler
Toledo, Greifensee, Switzerland). Closed aluminium pans were used. The heating of the
samples from 25 to 200 ◦C was carried out at a heating rate of 10 ◦C·min−1. Samples of 5 to
8 mg mass were used. The nitrogen flow rate was 30 mL·min−1.

2.4. Phenylboronic Acid Derivative CSD Structure Analysis and Theoretical Calculations

Cambridge Structural Database (CSD) version 5.43 [43] was searched to analyse the
intermolecular interactions present in phenylboronic acid derivative structures using Con-
Quest 2022.2.0 [44]. A total of 510 structures with phenylboronic acid fragments were
found. Structures containing more than one component, compounds with metal coordina-
tive bonds, and organoboronic compounds not classified as boronic acid were excluded
from the analysis. Hydrogen bond interactions were analysed in Mercury 2020.3.0 [45].

Geometry optimization of the crystal structures of both polymorphs was performed
in Quantum ESPRESSO 6.4.1 [46] by relaxing the positions of all atoms. The initial ge-
ometry of the crystal structures was taken from the CSD database (Form I—UJACIT01;
Form II—UJACIT). The crystal structure of Form I was modified to remove the disor-
der in the boronic acid group appearing because of the symmetry. This was done by
reducing the symmetry of the structure to the P1 space group and, in several different
ways, by removing the redundant hydrogen atoms from the boronic acid groups by ob-
taining ordered dimers formed by MPBA in syn-anti-conformation. Then, among the
obtained structures, a monoclinic Pc structure with Z’ = 2 was identified as the structure
with the highest possible symmetry with the ISOCIF tool (version 3.1.0) [47]. All calcu-
lations were performed using the PBE functional with ultrasoft pseudopotentials from
the original pseudopotential library and a 90 Ry plane-wave cutoff energy with vdW in-
teractions treated according to the D3 method of Grimme [48] using a 2 × 2 × 2 k-point
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grid. Geometry optimized structures were used for further analysis performed using
Crystal Explorer 21 [49].

Intramolecular energy was calculated by performing full geometry optimization of
the MPBA molecule and geometry optimization with dihedral angle of the boronic acid
group constrained to the value as present in the crystal structures of Form I and Form II
in the gas phase. Calculations were performed in Gaussian 09 Revision D.01 [50] with the
density functional theory M06-2X and 6-31++G(d,p) basis set. Intramolecular energy was
calculated as the difference between the energy of the conformer as in the crystal structure
and the global minimum energy.

Calculations of pairwise intermolecular interaction energy in crystal structures were
performed in CrystalExplorer 21 at the B3LYP-D2/6-31G(d,p) level. The sum of all pairwise
interaction energies with molecules for which the atoms are within 15 Å of the central
molecule was used to estimate the intermolecular energy. The lattice energy was calculated
by summing the intermolecular energy calculated in CrystalExplorer, and intramolecular
energy was calculated using Gaussian09 [51].

Hirshfeld surfaces, their 2D fingerprint plots summarizing the information about
intermolecular interactions and generation of energy frameworks from the calculated
pairwise interaction energies, and their electrostatic and dispersion components were
calculated with CrystalExplorer 21.

Generation of Full Interaction Maps (FIM) providing molecule interaction preferences
and analysis of Bravais–Friedel–Donnay–Harker (BFDH) morphology [52] were performed
with Mercury 2020.3.0. FIMs of individual molecules as well as crystal structures with
crystal facets of BFDH morphologies were generated for each polymorph.

3. Results and Discussion
3.1. Crystallization from Pure Solvents

We crystallized MPBA from popular solvents from different solvent classes. In almost
all crystallizations, particularly from aprotic solvents, pure Form I was obtained (see Table 1).
However, from polar protic solvent (isopropanol, methanol, and isobutanol) it was possible
to obtain the metastable MPBA Form II. Besides the already known polymorphs, we also
obtained a new MPBA polymorph, designated as Form III (see Figure 2). Form III crystallized
together with Form II in evaporation crystallization from isopropanol, isobutanol, and hep-
tanol. For further crystallization studies aimed at identifying which additives would allow
crystallization of the metastable forms, we selected water and toluene because of their better
suited MPBA solubility (see Supplementary Materials, Table S2), higher boiling point, and
crystallization of the stable polymorph I from these solvents (see below).

Table 1. Polymorphic outcome of crystallization from pure solvents.

Solvent Cooling
Evaporation

25 ◦C 50 ◦C

Acetone; acetonitrile; ethyl acetate; toluene; nitromethane; o–xylene;
chloroform; 1,4-dioxane; methyl tert-butyl ether; dichloromethane; diethyl

carbonate; tetrahydrofuran; methyl isobutyl ketone; cyclohexanol
I I I

2,2,2-Trifluorethanol; water I I I + II
Heptanol I II + III I

Isopentanol I I + II I
Isobutanol I I + II II

Isopropanol I II/II + III I + II
Methanol II II I
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For more thorough characterization of the crystallization of MPBA from water and
toluene, we investigated the effect of supersaturation, as it can have a great impact on
the polymorphic outcome. Usually, higher supersaturation results in the formation of
metastable forms [53–55]. Water solutions with supersaturation (S = c/c*) from 5 to 10
(11–22 mg·mL−1) were crystallized with a cooling rate of 10 ◦C·min−1 and a stirring rate of
900 rpm. Higher supersaturation, heating the solution above 70 ◦C, or long stirring at an
elevated temperature resulted in the solution oiling out. Furthermore, before the nucleation
at cooling the solution always oiled out and only then did nucleation occur. Toluene solu-
tions with supersaturation between 2 and 11 (24–132 mg·mL−1) were crystallized under the
same conditions, except that solutions with c/c* = 10 were also cooled at different cooling
rates, from very fast (20 ◦C·min−1) to very slow (0.1 ◦C·min−1). The toluene solutions
did not oil out, but in all solutions, solid particles (a few small crystals in the solution)
were observed before extensive nucleation, when numerous MPBA crystals appeared and
began to grow by forming a suspension. For solutions with lower supersaturation, the solid
particle formation point was near 20–30 ◦C, but more crystals were obtained only when the
mixture reached 10 ◦C and was stirred for 5 to 10 min. When supersaturation was increased,
the solid particle formation and nucleation occurred at a higher temperature (for c/c* = 10 it
was at ~80 ◦C and 32–20 ◦C, respectively). Nevertheless, neither in water nor in toluene did
the supersaturation and cooling rate (tested for toluene) affect the polymorphic outcome,
as Form I was always obtained in the crystallization. Therefore, we have demonstrated that
metastable forms do not crystallize in cooling crystallization from toluene and water under
the investigated conditions.

3.2. Characterization of MPBA Polymorphs
3.2.1. Structure Analysis of MPBA Polymorphs and Analysis of Phenylboronic Acid
Moiety Interaction Preferences in CSD Structures

MPBA has two known polymorphic forms characterized by Cyrański et al. [36]. Form I
crystallizes in the tetragonal crystal system P4n2 with Z′ = 0.5 and contains typical hydrogen
bonded homodimers of boronic acid that adopts syn-anti-conformation. Form II crystallizes
in the monoclinic crystal system C2/c with Z′ = 1.5 and contains an unusual hydrogen-
bonded boronic acid synthon formed by three molecules (see Figure 3). The trimer synthon
consists of two symmetry independent molecules in the anti conformation—the middle
molecule (A) forms hydrogen bonds with terminal molecules (B), which act as hydrogen
bond acceptors. Additionally, in the terminal molecules (B), there are two intramolecular
hydrogen bonds between the hydroxyl and methoxy groups. As we demonstrate below,
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the hydrogen bonding as in Form II is unusual for arylboronic acids. Unfortunately, our
attempts to determine the crystal structure of Form III were unsuccessful, as suitable
crystals for SCXRD analysis were not obtained and the bulk sample contained an impurity
of Form II (see Figure 2).
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In CSD, 209 crystal structures of single component phenylboronic acid phases (see
Supplementary Materials, Figure S1) were found, resulting in analysis of 192 unique crystal
structures. The analysis showed that polymorphism in phenylboronic acid is rarely reported
in CSD: only 7 of 185 (3.8%) unique compounds have structures of two polymorphs. For five
of the phenylboronic acid derivatives, polymorphs have different intermolecular interactions,
including dimers, chains, and intramolecular and specific intermolecular hydrogen bonds
(see Supplementary Materials, Table S3). Boronic acid homodimers are present in most of
the phenylboronic acid structures (82.8%), while only 14.6% of structures have chain-like
hydrogen bonding. In two structures (1.0%) there are dimers and chains (see Figure S4), but
in three structures (1.6%), only intramolecular hydrogen bonds. The dimers can be divided
into six different types (see Supplementary Materials Figure S2 and Table S4) according to the
hydrogen bonding in the crystal structure. MPBA Form I contains A1 type dimers (formed
by R2

2(8) dimers connected by 2 mutual C(4) chains), which is common for phenylboronic
acids (28.3% of all the dimeric structures). The most abundant phenylboronic acid dimer
synthon is type B1 (35.8% of all the dimers), an isolated dimer with additional intramolecular
hydrogen bonds.

Other types of hydrogen bond synthons formed by phenylboronic acid moieties
are quite different but can be divided into eight types (see Supplementary Materials,
Figure S3 and Table S5). The most abundant among these are hydrogen bonds with other
atoms in the molecule (35.5% of all non-dimers) (Figure S3, type H). Boronic acid trimers
as in Form II (Figure S3, type K) are unique and not observed in any other structure,
although there are structures in which there are only intramolecular hydrogen bonds as
present in molecule B (9.7%), and two structures (type J) in which there are either different
isolated hydrogen bonds with molecules in anti conformation or chains C(2) formed by
such hydrogen bonds.

Therefore, the performed CSD analysis confirms that dimers are the main hydrogen
bond type for phenylboronic acids as suggested before [37,38,56–60] and that MPBA Form
II is a unique trimer containing structure. Overall, there is a relatively low possibility for
formation of a phenylboronic acid derivative structure not containing dimers, particu-
larly if there are no other functional groups which could lead to disruption of hydrogen
bonds formed by only boronic acid moiety. Nevertheless, we believe that the polymor-
phism of phenylboronic acid derivatives is not thoroughly studied, as suggested by the
notably low number of polymorphic molecules. For example, a study by Cruz-Cabeza
et al. shows that polymorphism occurrence in single component crystals is at least 37% and
more polymorphic structures are reported for more thoroughly studied substances with
pharmacology effect [61].
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3.2.2. Thermal Characterization of MPBA Polymorphs

Thermal analysis showed that the melting point of Form I is 108 ◦C (see Figure 4). In
DSC analysis of Form II at 2 ◦C·min−1 an exothermic peak corresponding to phase transition
to Form I was detected at 74 ◦C (confirmed by PXRD). This indicates the monotropic
relationship between Form I and Form II [62]. The phase transition of Form II to Form I
at 80 ◦C was confirmed by heating in a thermostat for an hour. The newly obtained Form
III has a melting peak at 52 ◦C. As Form III has a lower melting enthalpy and melting
point than Form I, these polymorphs are also monotropically related by the heat of fusion
rule [62]. When the Form III sample was stored at a 60 ◦C thermostat, transformation to
Form I occurred before the melting. Such a high melting point difference of more than
50 ◦C between Form I (108 ◦C) and Form III (52 ◦C) is rarely observed [63] and indicates
low thermodynamic stability of Form III. The absence of mass change in the TG curves
(see Supplementary Materials, Figures S5–S7) confirmed that all the obtained phases are
polymorphs. We note that Form II and Form III are not stable in ambient conditions: Form
II transforms into Form I in <24 h, whereas Form III transforms into Form II in <1 h. In
contrast, Form II is stable notably longer at lower temperatures in the freezer.
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for Form II). The onset temperatures were used to characterize the thermal process occurring in the
DSC traces.

3.3. Crystallization in the Presence of Additives

When crystallizing from water, the hot sample at the beginning of the cooling always
oiled out first and crystallized only later. However, the nucleation was very slow, as a solid
was obtained after only a few hours or even a few days, and only Form I was obtained by
cooling a water solution in the presence of additives.

Overall, polymorph I was obtained in most of the cooling crystallizations of toluene
solutions in the presence of additives, in agreement with this polymorph obtained in cooling
crystallization of pure solvent (see Supplementary Materials, Figure S8). However, in the
presence of octyl β-D-glucopyranoside (OGP) and 2,6-dimethoxybenzoic acid (2,6MeOBA),
a mixture of Forms I and II can be obtained. We note that MPBA as an additive promotes the
formation of the metastable form of 2,6MeOBA [64]. As the polymorphs of both substances
differ by syn- and anti conformers in the structure, it is possible that the 2,6MeOBA syn
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conformation stabilizes the MPBA anti conformation by forming hydrogen bonds, therefore
allowing easier nucleation of Form II.

Serendipitously, we discovered that evaporation of the filtrate obtained in crystalliza-
tion from toluene in the presence of all the surfactants (OGP, Polysorbate 80, Span 20 and
Tween 20) resulted in formation of Form II crystals. Therefore, surfactants were selected
for further additive crystallization experiments. Crystallization was performed using two
different approaches: cooling and evaporation crystallization. In the cooling crystallization
with these additives, almost exclusively Form I was obtained (see Figure 5), whereas the
metastable Form II was obtained in only one of the experiments. In contrast, Form II, Form
III, or their mixture was obtained in evaporation crystallization in the presence of Span 20,
Tween 20, and OGP. We observed that the presence of Span 20 and OGP stabilizes Form II
but not Form III, because it very rapidly transformed into Form II as observed by the PXRD
analysis. However, Form II was stable for up to one month in the presence of these two
surfactants. We also observed that evaporation with stirring prevented crystallization of
the metastable forms. Among the tested conditions, the best for obtaining metastable forms
was solvent evaporation at 50 ◦C without stirring. Under these conditions, the presence
of Span 20 and OGP in the initial solution resulted in crystallization actually occurring
from a MPBA solution in the surfactant after the evaporation of the initial solvent when the
obtained mixture was cooled to room temperature. The crystals obtained in this procedure
were very small, and pure polymorph III crystallized in the presence of Span 20 and OGP.
Nevertheless, single crystals were not obtained, and the presence of the wide peaks of Span
20 and OGP also prevented structure determination from the PXRD data.
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Figure 5. Polymorphic outcome in crystallization from toluene in the presence of surfactants using
different crystallization methods. Each third of the circle represents one of the parallel experiments.

MPBA–Span 20 solution was also obtained using other solvents to determine whether
the initial solvent has a role if the crystallization is performed in this way. Five solvents were
selected: four solvents from which only Form I was previously obtained and isopropanol
from which Form II was obtained. A clear MPBA solution in Span 20 later crystallizing
at room temperature was obtained after the evaporation of all these solvents. Pure Form
II was obtained in all 15 experiments. Therefore, the formation of Form II under these
conditions is purely determined by Span 20.
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Span 20 and OGP at 50 ◦C are viscous liquid substances. Therefore, other viscous liquid
substances were also examined. Crystallization was performed using cooling crystallization
and evaporation crystallization without stirring, as the stirring did not allow for formation
of the metastable forms. The results showed that the formation of metastable forms is not
provided by any viscous liquid, as among the tested, only PEG 600 showed the potential
for crystallization of Form II in evaporation crystallization (see Figure 6). Therefore, the
main reason for polymorph control apparently is the intermolecular interactions between
the surfactant molecules and the MPBA.
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as additives using different crystallization methods. Each third of the circle represents one of the
parallel experiments. Abbreviations: PEG—polyethylene glycol; PolyTHF—poly tetrahydrofuran;
PPG—polypropylene glycol; PAS—poly(acrylic acid).

3.4. Theoretical Analysis of MPBA Crystal Structures

To find the intramolecular energy of MPBA in its crystal structures, two conformers—
syn-anti and anti—were considered. The anti conformer with two intramolecular hydrogen
bonds between boronic acid hydroxyl groups and methoxy groups (as in B molecule of
Form II) was found to be the global energy minimum. The syn-anti conformer (similar
to conformation in Form I but with the boronic acid group almost in plane with the
benzene ring and therefore having one intramolecular hydrogen bond) was found to be
less efficient by 12 kJ·mol−1 (see Supplementary Materials, Table S6). Not surprisingly,
the intramolecular hydrogen bonds in MPBA result in differing energy of conformers
compared to those reported in studies of phenylboronic acid in aprotic solvents and in
vacuo, where generally the syn-anti-conformers are energetically more stable than the anti
by ~5 kJ·mol−1 [65]. The geometry optimizations with constrained torsion angle between
the benzene ring and boronic acid group were used to calculate the intramolecular energy of
MPBA. These calculations showed that in Form II, the B molecule almost fully corresponds
to the global energy minimum, the twisted anti conformation of A molecule in Form II has
intramolecular energy of 18 kJ·mol−1, and the twisted syn-anti conformation of Form I has
intramolecular energy of 15 kJ·mol−1. Therefore, the intramolecular energy of Form II is
lower by 9 kJ·mol−1.

For the calculation of intermolecular energy, the crystal structure of Form I in the mon-
oclinic Pc space group without disorder in the dimers formed by the syn-anti-conformers
was used. Therefore, the lattice energy calculations are somewhat approximate and can
have some deviations because of the lower symmetry used. Based on the obtained results,
Form I has 8.5 kJ·mol−1 lower intermolecular energy than Form II (see Table 2). Therefore,
the lattice energy of both polymorphs is almost identical, with that of Form II being calcu-
lated as 0.7 kJ·mol−1 lower, corresponding to the typical energy difference (<5 kJ·mol−1) of
organic polymorphs [61,66]. Although the calculated relative energy contradicts Form I
being determined as the thermodynamically stable polymorph, the possibility for different
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hydrogen atom arrangement in dimers could provide an entropy increase, resulting in
lowering of the free energy of Form I.

Table 2. Selected crystallographic data and the calculated intramolecular, intermolecular, and lattice
energies of MPBA polymorphs.

Polymorph Form I Form II

CSD Ref. code UJACIT01
(
original P4 n2 structure) UJACIT

Z/Z′ 4/0.5
(
for P4 n2 structure)

4/2 (for Pc structure)
12/1.5

Eintra, kJ·mol−1 15.2 6.0
Einter, kJ·mol−1 −144.4 −135.9

(Eele + Epol)/Edisp 1.3 1.0
Elattice, kJ·mol−1 −129.2 −129.8

The pronounced differences in the hydrogen bonding in both polymorphs, as described
above, result in high differences in the lattice energy component contributions and energy
frameworks of both forms. As shown in Table 2, the electrostatic energy in Form I is the
dominant component of the lattice energy, which can be associated with the extensive
strong hydrogen bond network in this structure. Interestingly, despite the presence of
hydrogen bonded chains in the structure of Form I, the electrostatic (Coulomb) energy (see
Figure 7) is dominated by the interactions between the molecules that form the homodimers
in the bc plane, while the interactions between the adjacent dimers in adjacent layers are
notably less efficient. The strongest dispersion energy is observed between two molecules
forming a CH3

. . . π interaction along the a-axis. In contrast, the electrostatic energy and
dispersion energy in Form II have a very similar contribution in the lattice energy, because
of a much smaller amount of intermolecular hydrogen bonds and higher importance of the
aromatic interactions, including π . . . π stacking. This is also observed in the electrostatic
energy framework of Form II, as the strongest interactions observed between the molecules
in the trimer are still notably less efficient than those in Form I. However, in this structure
there are several molecule pairs with efficient dispersion energy in a different spatial
arrangement, with the strongest dispersion interactions observed between the adjacent B
molecules connected in a shifted π . . . π stacking manner and forming the hydrogen bonded
trimers in a perpendicular direction. To sum up, despite overall more efficient dispersion
interactions in Form II, the notably stronger hydrogen bonds in Form I are the reason for
the higher intermolecular energy of this form, which could also explain its higher stability.
The ability of hydrogen bonding to provide stabilization of the crystal structure has been
shown before, e.g., in studies of proteins [67,68] and ritonavir [69].

Differences in the intermolecular interactions of both forms can also clearly be seen on
the Hirshfeld surfaces and in the analysis of their 2D fingerprint plots (see Figure 8). As could
be expected from the artificially decreased symmetry, both symmetry independent molecules of
the structure in the Pc space group have identical 2D fingerprint plots with hydrogen bonds
forming the boronic acid dimers and chains, and different -H . . . C- and -C . . . H- interactions
(particularly from CH3

. . . π interactions) being the main observable interactions. Logically,
both molecules (A and B) of Form II had different Hirshfeld surfaces and their 2D fingerprint
plots. Both molecules A and B have only one sharp peak corresponding to being a donor (A)
or acceptor (B) of the strong intermolecular hydrogen bond, as can be seen in the fingerprint
plots. Also, interactions associated with π . . . π stacking are present for molecule B, as also
demonstrated by the energy framework diagrams of this polymorph.

3.5. Use of Full Interaction Maps to Understand Polymorph Stability and Effect of
Crystallization Additives

The Full Interaction Map (FIM) visualizes regions around the molecule where, based
on pre-extracted IsoStar interaction data from the CSD [52], intermolecular interactions are
expected, allowing to evaluate whether interaction preferences within the lattice are satisfied.



Crystals 2022, 12, 1738 12 of 18

FIM analysis has been shown to allow prediction of the stability of polymorphs [61,70,71].
Moreover, we speculate that if in a structure there are regions of the molecule in which
the crystal lattice interactions are not satisfied, the additional interactions provided by the
additives may stabilize the respective polymorph.
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FIM analysis was performed for the original disordered Form I structure in the P4n2
space group and for this polymorph with removed disorder in the Pc space group. Nearly
identical FIMs were obtained for both symmetry independent molecules of the Pc structure,
and they were highly similar to FIMs of this polymorph in the P4n2 space group (except that
the hydrogen bond donor and acceptor sites in dimer were discriminated) (see Figure 9).
The MPBA molecule has two hydroxyl groups able to act as both hydrogen bond acceptors
and donors. In the homodimers as in Form I, most of the interaction preferences are
satisfied. Both hydrogen bond donors and acceptor sites in the boronic acid group are
involved in dimer formation and hydrogen bonding between the dimers. Apart from this,
both methoxy groups are potential hydrogen bond acceptors, and there is a preference for
the involvement of aromatic C-H in weak hydrogen bonds or aromatic interactions and also
a preference for aromatic π electrons to be involved in some interactions. These preferences
are partly fulfilled by formation of weak hydrogen bonds, CH3

. . . π interactions, and other
aromatic interactions. In contrast, only half of the interaction preferences for hydrogen
bonding are satisfied in Form II (see Figure 9). According to the FIM, the boronic acid group
of molecule A prefers to be involved as the hydrogen bond acceptor with two donors, but
instead only weak hydrogen bonds with the benzene C–H and methoxy groups (with C···O
distance of 3.55 Å and 3.58 Å, respectively) are formed. There is an identical preference also
for molecule B, and it is fulfilled for one of the oxygen atoms by the hydrogen bond OA-
H···OB, but the second oxygen atom forms a weak hydrogen bond with a methoxy group
(C···O distance 3.32 Å). Therefore, the hydrogen bonding in Form II does not match the
interaction preferences as in the CSD, and the three unsatisfied hydrogen bond acceptors
may be the reason for the low stability of Form II and formation of this polymorph only
under specific conditions. All the hydrogen bond donor capabilities in Form II, however,
are satisfied by two OA-H···OB bonds for molecule A and the intramolecular hydrogen
bonds for molecule B.
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Figure 9. FIMs for MPBA polymorphs. Regions of hydrogen bond donor probability are shown in
blue, hydrogen bond acceptors are shown in red, and hydrophobic interactions are shown in green.

If the morphology generated from the Form I structure in the P4n2 and Pc space groups
are compared, the effects of disorder in the P4n2 structure and the lower symmetry of the
Pc structure are visible. Because of the symmetry generated redundant hydrogen atoms
in the disordered structure, FIMs on the P4n2 Form I crystal have a larger hydrogen bond
donor probability than on the Pc Form I crystal facets, which have a larger hydrogen bond
acceptor probability (see Figure S9). Nevertheless, we analyse FIMs on P4n2 morphology
due to the loss of crystal symmetry in the Pc space group.

Overall, there are large differences between both polymorphs when FIMs on crystal
facets are compared (see Figure 10). Form I crystals have a larger probability of being
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involved in hydrophobic interactions (green) and interact with hydrogen bond acceptors
(red) when compared to Form II. The largest facets {110} of Form I (space group P4n2) have
exposed benzene rings and grow through interactions with the benzene ring. The benzene
rings on these facets can act as weak hydrogen bond acceptors (blue colour). This facet also
grows by formation of dimers and requires attachment of a hydrogen bond acceptor such
as oxygen (red colour). Smaller facets {101} and {101} of Form I are growing by formation
of dimer chains; therefore, the probability of interacting with hydrogen bond donors (blue
colour) is higher for these facets.
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Figure 10. FIMs combined on the BFDH morphology of MPBA Form I (a) and Form II (b). Regions of
hydrogen bond donor probability are shown in blue, hydrogen bond acceptors are shown in red, and
hydrophobic interactions are shown in green.

The Form II crystal has a larger probability of interacting with hydrogen bond donors
on the largest facets when compared to Form I (see the increase in blue coloured regions
in Figure 10). On the largest edges {002} and {110} of Form II, in contrast to Form I, many
hydrogen bond acceptor groups are exposed. On these facets, the oxygen atoms of the
boronic acid groups in anti-planar conformation are forming hydrogen bonds and are grow-
ing by formation of trimers, so hydrogen bond acceptors are exposed and there is a great
propensity to interact with hydrogen bond donors by these facets. Therefore, surfactants
can interact as hydrogen bond donors with these facets more easily if compared to Form I,
for which hydrogen bond acceptor groups cover a smaller area. The interactions between
the crystals and additives could be similar to those Kim et al. [17] demonstrated between the
crystals of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and amphiphilic additives using
molecular simulations. Span 20 and OGP both have hydrogen bond donors (three and
four, respectively) that can interact with the boronic acid group of MPBA and stabilize
Form II crystals. Additionally, the hydrophobic site of the surfactants can decelerate phase
transition by forming micelles or hemispheres and therefore prevent the reorganization
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of molecules required for the transformation of Form II to Form I. This can also explain
the small crystal size of Form II obtained in the experiments using these surfactants. It is
possible that the hydrophobic part of the surfactants in surfactant micelles or hemispheres
could inhibit crystal growth by steric effects preventing attachment of new growth units to
the crystal facets.

4. Conclusions

Our studies of MPBA demonstrated that Form I is obtained in evaporation crystal-
lization from most solvents and cooling crystallization from almost all the tested solvents.
However, evaporation crystallization from alcohols produced Form II, and evaporation of
an isopropanol solution produced the new polymorph Form III. Thermal characterization
showed that Form I is the most stable polymorph and that both Form II and Form III are
monotropically related to Form I. We observed that Form II and Form III are unstable—Form
II transformed to Form I in <24 h, whereas Form III transformed to Form II in <1 h.

The MPBA molecule in planar anti conformation is the most stable conformer as
shown in the ab initio calculations. Therefore, Form II has lower intramolecular energy.
However, Form I has lower intermolecular energy, and its structure is mostly stabilized
by the electrostatic energy of strong hydrogen bonds, whereas in Form II the electrostatic
and dispersion energy contributions are almost equal, partly because of the less efficient
hydrogen bonding. Nevertheless, the lattice energy obtained as sum of the intra- and
intermolecular energy of Form II is slightly lower.

More extensive exploration of the crystallization from toluene and water showed that
the cooling rate and supersaturation do not affect the crystallization polymorphic outcome.
By performing crystallizations in the presence of additives, we found that Span 20 and
OGP provide crystallization of the metastable forms in evaporation crystallization at 50 ◦C.
We also showed that the solvent does not play any role in regulating the crystallization
outcome in the presence of Span 20 under these conditions, as crystallization is actually
occurring from a MPBA solution in liquid Span 20. Moreover, OGP and Span 20 stabilize
Form II for up to 1 month at ambient temperature. Although Span 20 also allowed for the
crystallization of Form III, this form was not stabilized by Span 20. We showed that not
every viscous liquid allows crystallization of the metastable forms because, among several
other viscous additives tested, only PEG 600 facilitated crystallization of Form II.

We propose that Span 20 and OGP provide crystallization and stabilization of Form II
by intermolecular interactions. On the crystal edges of Form I, mostly atoms keen to form
hydrophobic interactions and hydrogen bond donors (boronic acid groups and benzene
rings) are exposed, whereas the edges of Form II can interact with hydrogen bond donors
because of the many exposed hydrogen bond acceptor groups (boronic acid oxygen atoms).
Furthermore, for Form II, the FIM regions where interactions with hydrogen bond donors
are likely to occur are larger and more sterically available than for Form I. Although many of
the tested additives are hydrogen bond donors, only Span 20 and OGP efficiently interacted
with MPBA and provided crystallization of Form II. It is possible that the hydrogen bond
donor groups interact with Form II crystal edges, but hydrophobic parts of these additives
decelerate the phase transition and provide the stabilization of this polymorph.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12121738/s1, Table S1: List of additives used in the study;
Table S2: Approximate solubility of MPBA Form I in different solvents; Figure S1: CSD search results
for phenylboronic acid derivatives; Figure S2: Types of dimeric hydrogen bond motifs observed in
the crystal structures of phenylboronic acid derivatives in CSD; Figure S3: Types of non-dimeric
hydrogen bond motifs observed in the crystal structures of phenylboronic acid derivatives in CSD;
Table S3: Polymorphism observed in phenylboronic acid derivatives; Table S4: Types of dimeric
structures from CSD search results for phenylboronic acid derivatives; Table S5: Types of non-dimeric
structures from the CSD search results for phenylboronic acid derivatives; Figure S4: Hydrogen
bonding phenylboronic acid derivative structures containing chains and dimers; Figure S5: DSC/TG
curves of MPBA Form I; Figure S6: DSC/TG curves of MPBA Form II; Figure S7: DSC/TG curves of
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MPBA Form III; Figure S8: Results of the crystallization in the presence of additives from toluene and
water; Table S6: Intramolecular energies and torsion angle data of MPBA polymorphs; Figure S9: FIMs
combined on the BFDH morphology of MPBA polymorph I using different crystal structure models.
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